Background: It has been shown that GH-deficient subjects tend to have fat accumulation. We have produced human GH (hGH) transgenic rats that exhibit low circulating hGH levels and hyperphagia. These rats are also characterized by severe obesity, hyperinsulinemia and hyperlipidemia. Objective: The present study was conducted in order to elucidate how excess caloric intake and impaired GH secretion account for fat accumulation and metabolic abnormalities in the transgenic rats. Design and Methods: The transgenic rats were subjected to either pair-feeding with non-transgenic controls or hGH treatment from 4 to 12 weeks of age, and the effects on fat accumulation and some metabolic parameters were assessed. Results: At the age of 12 weeks, body weight and food intake were greater in transgenic than in control rats by 10% and 27% respectively. The ratio of epididymal white adipose tissue weight to body weight (WAT/BW) was more than three times greater in transgenic than in control rats. Although pair-feeding for 8 weeks decreased body weight, it did not affect the WAT/BW ratio. Treatment with hGH affected neither body weight nor food intake, while it reduced the WAT/BW ratio by 30%. Serum concentrations of triglyceride, free fatty acid, insulin and leptin were all significantly higher in the transgenic than in the control rats. Pair-feeding decreased serum triglyceride, insulin and leptin levels, but not serum free fatty acid levels. On the other hand, hGH treatment decreased only serum leptin concentrations. Conclusions: These results suggest that severe fat accumulation in the transgenic rats mainly resulted from the decreased lipolytic action of GH, while metabolic abnormalities mainly resulted from excess caloric intake.
Introduction
It is widely recognized that growth hormone (GH) is an endocrine regulator of protein synthesis and lipolysis as well as of skeletal bone growth (1, 2) . Recently, evidence that obesity is associated with decreased GH levels has been accumulating. This evidence has shown that GH-deficient (GHD) subjects have an increased body fat mass, which can be reduced by GH therapy (1 -4) and that GH has beneficial effects on obese (5) and obese diet-restricted subjects (6) . In addition, GHD rats and transgenic mice expressing mutant GH exhibit not only dwarfism but also fat accumulation (7) . Obesity develops ultimately under conditions in which energy intake and expenditure are unbalanced. In fact, increased food intake has been demonstrated in several obese animal models including ob/ob and db/db mice (8) . Interestingly, the circulating GH levels of these animals are suppressed (9 -11) , which may also account for their fat accumulation.
We have previously demonstrated that the transgenic rats we produce, which carry the chimeric gene for whey acidic protein promoter and human GH (hGH) genomic DNA, develop severe obesity. The transgenic rats are characterized by relatively low levels of serum hGH and by hyperinsulinemia and hyperlipidemia. Since the treatment of these rats with hGH for 1 week restored their phenotype at least partially (12), they are regarded as a useful model for analyzing how an impaired GH secretory pattern induces obesity. We have further shown recently that they exhibit hyperphagia as early as the age of 4 weeks (1 week after weaning) along with leptin resistance, which probably results from the suppression of leptin transport from the blood to the cerebrospinal fluid (13) .
Thus it is clear that both impaired GH secretion and increased caloric intake coexist in our transgenic rats.
The present study was undertaken in order to elucidate how energy imbalance and impaired GH secretion are involved in fat accumulation and metabolic abnormalities in transgenic rats. For this purpose, we utilized a pair-feeding paradigm and chronic GH replacement. Specifically, transgenic rats were subjected to either pair-feeding with non-transgenic controls or hGH treatment from 4 to 12 weeks of age, and the effects on body weight and adipose tissue mass were evaluated. The effects on serum triglyceride, free fatty acid (FFA), insulin and leptin concentrations were also determined.
Materials and methods

Animals
Generation of the hGH transgenic rats has been described previously (14) . In this experiment, male transgenic rats (heterozygotes) and their normal male littermates were used. After being weaned from the mother at 3 weeks of age, they were individually housed with free access to laboratory chow and water. They were kept under a constant room temperature ð23^1 8CÞ and lighting schedule (12 h light:12 h darkness; lights on at 0700 h).
Experimental procedures
The transgenic rats were subjected to either pair-feeding or hGH treatment from the age of 4 weeks. A group of transgenic rats were pair-fed the amount of food consumed by the age-matched control rats (nontransgenic littermates) on the previous day. Every 2 weeks, another group of transgenic rats was subjected to subcutaneous implants of an hGH-containing powder kindly supplied by Takeda Chemical Industries Ltd (Osaka, Japan), which could constantly deliver hGH for 2 weeks, so that the serum hGH levels were maintained at around 50 ng/ml (see Results). Transgenic rats implanted with a powder without hGH served as a sham-implanted group. At the age of 12 weeks, all the animals were weighed and then killed by decapitation. Trunk blood was collected, and the serum was obtained by centrifugation and stored at 220 8C until assayed. In addition, the epididymal fat pad was dissected out and weighed.
Assays
Serum triglyceride concentration was determined by means of the glycerol-3-phosphate oxidase, N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline, sodium salt (GPO-HDAOS) method using a commercial kit (Wako, Osaka, Japan). Serum FFA concentration was determined by means of an enzyme method using a commercial kit (Eiken, Tokyo, Japan). Serum insulin concentration was determined using a commercial enzyme immunoassay kit (Amersham Pharmacia Biotech, Amersham, Bucks, UK). Serum leptin concentration was determined using a commercial ELISA kit (Morinaga, Yokohama, Japan). All assays were performed in duplicate or triplicate.
Statistics
All the data were analyzed by means of ANOVA followed by Fisher's PLSD test, and the difference was considered significant at P , 0:05.
Results
Since there were no differences between intact and sham-implanted transgenic rats in terms of any of the parameters examined, the data from both groups were combined in this study. The concentrations of serum hGH in intact and hGH-treated transgenic rats at the age of 12 weeks were 26:0^3:9 and 48:86 :9 ng=ml (means^S.E.M.) respectively ðP , 0:05Þ: A group of transgenic rats was pair-fed in relation to age-matched control rats from 4 to 12 weeks of age. Figure 1A shows the mean amount of daily food intake during the last week of the experimental period. Food consumption of the transgenic rats was greater by 27% than that of control rats and hence that of the pair-fed transgenic rats. Body weight of the transgenic rats at 12 weeks of age was greater by 10% than that of controls, while that of pair-fed animals was even less than that of controls (Fig. 1B) . Treatment with hGH affected neither food consumption nor body weight.
The weights of epididymal white adipose tissue (WAT) in the control and transgenic rats were 6:60 :6 and 18:8^1:1 g (means^S.E.M.) respectively. WAT weight to body weight (WAT/BW) ratio was more than three times greater in transgenic (4.0%) than control rats (1.2%). Although pair-feeding did not affect the WAT/BW ratio, hGH treatment reduced it by 30% (Fig. 2) .
Serum concentrations of triglyceride, FFA, insulin and leptin were all significantly higher in the transgenic than in the control rats (Table 1) . Pair-feeding was effective in reducing serum triglyceride, insulin and leptin levels, whereas it did not affect serum FFA levels in the transgenic rats. Treatment with hGH significantly reduced serum leptin concentrations in the transgenic rats, but it did not have this effect on other parameters.
Discussion
The present study confirmed our previous finding (13) that the transgenic rats consumed more food than control rats. Although the body weight of the transgenic rats was greater than that of the control rats, the food intake to body weight ratio was still greater in transgenic than in control rats. The body weight of animals pair-fed for 8 weeks was even less than that of the control animals, suggesting that the transgenic rats require more calories to maintain their body weight. Despite the decrease in body weight, the WAT/BW ratio was not affected at all by pair-feeding. On the other hand, treatment with hGH for 8 weeks, which elevated serum hGH levels around twofold, decreased the WAT/BW ratio by 30% in the transgenic rats, though it did not affect food intake or body weight. Taken together, these results suggest that the severe fat accumulation observed in the transgenic rats can be attributed to the decrease in lipolytic action of GH rather than to enhanced caloric intake.
Obesity is frequently associated with insulin resistance. In fact, we previously demonstrated that insulin resistance occurred in our obese transgenic rats (12) . The present study also demonstrated hyperinsulinemia and hyperlipidemia in the transgenic rats. Pair-feeding, but not hGH treatment, almost completely restored serum insulin levels. Since the increase in WAT mass remained even if the rats were pair-fed with controls, it is possible that increased insulin levels in the transgenic rats did not result only from fat accumulations. In contrast, although hGH treatment reduced WAT mass, it did not affect serum insulin levels. In the transgenic rats treated with hGH, the anti-insulin action of GH may at least partially account for their high serum insulin levels. From these results, we conclude that hyperinsulinemia in the transgenic rats was induced mainly to dispose of excess caloric intake and that fat accumulation itself played a minimal role in the development of insulin resistance. However, pairfeeding did reduce serum insulin levels. Whether or not it restored insulin resistance in the transgenic rats has yet to be elucidated.
Since the increased circulating triglyceride levels in transgenic rats were also restored by pair-feeding, but not by hGH treatment, hypertriglyceridemia in these rats could be explained by excessive caloric intake. However, pair-feeding did not affect serum FFA levels in the transgenic rats. One possible explanation for this result could be that there was no alteration of WAT mass in pair-fed transgenic rats, because it has been shown that circulating FFA concentration is well correlated with adipose tissue mass (15) . On the other hand, although hGH treatment reduced fat accumulation in transgenic animals, it did not significantly affect serum FFA levels. Since it has been reported that GH treatment of obese subjects reduced fat accumulation and elevated circulating FFA levels Figure 2 Changes of white adipose tissue/body weight (WAT/BW) ratio in pair-fed (TG/Pair-fed) and hGH-treated (TG/hGH) transgenic rats from that in intact transgenic rats (TG). WAT/BW ratio in the TG group is designated as 100. Numbers of animals used are given in parentheses. Data are expressed as means and S.E.M. *P , 0:05 vs TG.
(5), FFA levels in the hGH-treated groups may have been a consequence of lipolysis by hGH.
Circulating leptin levels have been shown to correlate with specific estimates of body fat (16, 17) , and obese subjects have increased leptin concentrations, which could be reduced by treatment of the obesity. In obese individuals, however, their high plasma leptin levels do not induce the anticipated responses, and this phenomenon has led to the concept of leptin resistance (18) . We previously reported that the transgenic rats suffer from leptin resistance as well as hyperleptinemia (13) . In the present study, pair-feeding almost completely restored serum leptin levels, though it did not affect WAT mass. It has been reported that treatment of adipocytes with insulin enhanced leptin secretion (19, 20) and that circulating leptin levels were decreased by fasting with decreased insulin levels (21) . These findings suggest that the decrease in serum leptin levels in pair-fed transgenic rats was attributable to low serum insulin levels. On the other hand, hGH treatment partially restored serum leptin levels without affecting serum insulin levels. In GHD adults, increased circulating leptin levels have previously been observed (22, 23) and could be reduced by GH therapy. Under in vitro experimental conditions, GH does not affect leptin expression or secretion (24) and, therefore, it is likely that leptin levels in GHD adults reflect body composition rather than GH status. Taken together, these findings indicate that the decrease in WAT mass might be a primary cause of the decrease in serum leptin levels in hGH-treated rats.
It has been recognized that a deficiency in GH induces an increase in insulin sensitivity. In fact, the occurrence of fasting hypoglycemia has been demonstrated in GHD children (25) and adults (26) . This notion has been further supported by studies using animal models such as dwarf rats (27) and GH receptorknockout mice (28) . On the other hand, several researchers have recently reported that insulin resistance occurs in GHD subjects. For example, Cuneo et al. (29) reported increased fasting insulin levels in GHD adults. Decreased insulin sensitivity has also been shown in GHD adults by mean of the euglycemichyperinsulinemic clamp method (30, 31) . The observations of the present study could account for this discrepancy, i.e. circulating insulin levels in GHD subjects might depend on individual caloric intake. Further studies on the relationship between energy balance and insulin sensitivity in GHD subjects are needed to clarify this problem.
In conclusion, the results of the present study suggest that severe fat accumulation in the transgenic rats mainly resulted from the decreased lipolytic action of GH, while hyperinsulinemia resulted mainly from enhanced caloric intake. The leptin resistance demonstrated in our previous study (13) may have been at least partially involved in the hyperphagia of the transgenic rats. The present study may help in understanding in cases of insulin resistance under GHD. Control, control rats; TG, transgenic rats; TG/pair-fed, pair-fed transgenic rats; TG/hGH, hGH-treated transgenic rats. a P , 0:05 vs control; b P , 0:05 vs TG.
